Abstract. A variety of unconventional superconductors have low carrier density as a common factor. However, the underlying mechanism of superconductivity in such low carrier density systems is not well understood. Besides, small carrier density is an unfavourable component for conventional superconductivity as described by the Bardeen-Cooper-Schrieffer (BCS) theory. Therefore, studying low carrier density systems can lead to a better understanding in such systems. In this paper, we report superconductivity property studies in low carrier density systems, Y3Ru4Ge13 and Lu3Os4Ge13, using various experimental techniques. Single crystals of Y3Ru4Ge13 and Lu3Os4Ge13 have been grown using the Czochralski crystal pulling method in a tetra-arc furnace. The x-ray diffraction experiment reveals that both compounds crystallize in cubic structure (space group Pm3n, no. 223). The transport, magnetization and heat capacity measurements show that Y3Ru4Ge13 single crystal undergoes a superconducting transition at 2.85 K, whereas, Lu3Os4Ge13 becomes superconductor at 3.1 K.
Introduction
A variety of unconventional superconductors present low density of the charge carriers as a common factor, implying that it could be the basis for a unifying picture to understand the superconductivity in such exotic systems. Low density of charge carriers is one of the characteristic features which is shared by cuprates, fullerenes and MgB 2 [1, 2, 3] . This is quite surprising since low carrier density is an unfavourable element for superconductivity within the conventional framework of BCS [4] or Migdal−Eliashberg [5, 6] theories. Moreover, a small superfluid density, is unavoidably related to poor screening and strong electronic correlations, ingredients which are expected to be also detrimental for conventional superconductivity. On these grounds it is hard to understand why these low carrier materials are the best superconductors. As far as the superconductivity exhibited by inter-metallic compounds is concerned, the role of electron-phonon interaction cannot be overlooked. However, one may have to look beyond the conventional framework of BCS or Migdal−Eliashberg theories in order to understand the unconventional superconductivity in these compounds. From the experimental side, it is important to look for new superconducting materials with low carrier density.
Experimental Details
Single crystals of Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 have been grown using Czochralski crystal pulling method in a tetra-arc furnace under high purity argon atmosphere. Stoichiometric ammount of Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 (10 g each) was taken and melted 4-5 times in the tetra-arc furnace to make a homogeneous polycrystalline mixture. Single crystals were pulled using a tungsten seed rod at the rate of 10 mm/h for about 6 h to get 5-6 mm long and 3-4 mm thick crystals. The phase purity was characterized by powder X-ray diffraction using PANanalytical X-ray diffractometer. Single crystals were oriented along the crystallographic direction [100] using Laue back reflection using Huber Laue diffractometer and cut to desired shape and dimensions using a spark erosion cutting machine. Resistivity measurements were done in a home made setup using standard four-probe technique. Magnetization measurements were done in commercial SQUID magnetometer (MPMS5, Quantum Design, USA) and heat capacity measurements were done using PPMS.
Results and Discussion
The crystal structure of Y 3 Ru 4 Ge 13 is shown in Fig. 1 . Both compounds have same crystal structure and cubic symmetry (Pm3n, space group # 223). Rietveld analysis [7] of the Powder X-ray diffraction (PXRD) of Y 3 Ru 4 Ge 13 is shown in Fig. 2 . The temperature dependence of resistivity ρ(T ) from 300 to 2K for Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 are shown in Fig. 3 . A semimetallic behaviour ( dρ dT < 0) can be observed in the normal state resistivity data of both the compounds. The magnetoresistance data for Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 is shown in Fig. 4 . The width of the superconducting transition increases with increasing magnetic field. The transition temperature is taken at the point where resistivity becomes half of its normal state value. The temperature dependence of the upper critical field for Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 is shown in Fig. 5 . We estimate the orbital upper critical field, µ 0 Hc 2 (0), for both the compounds using Werthamer-Helfand-Hohenberg (WHH) expression [8] , µ 0 Hc 2 (0) = −0.693 T c dHc 2 dT | T =T c in the dirty limit for type-II superconductors. A nearly linear relationship is observed in Fig. 5 between µ 0 Hc 2 and T c in the proximity of the transition temperature (T c at H = 0) for both the compounds but the linear trend is more prominent for Lu 3 Os 4 Ge 13 . The slope The DC-magnetisation data of both compounds is shown in Fig. 6 indicating diamagnetic transitions of Y 3 Ru 4 Ge 13 at 2.8 K and Lu 3 Os 4 Ge 13 at 3.1 K. Very similar values of T c from both resistivity and susceptibility data confirm that our single crystals are of very high quality. Large vortex pinning can be observed in the field cooled (FC-Meissner) data in shown in Fig. 6 . The characterisation of the superconducting transition using heat capacity measurements is shown in Fig. 7 . The specific heat jump at the thermodynamic transition confirm the bulk superconductivity in both the compounds. The low temperature normal state specific heat can be well fitted with C T = γ + βT 2 , where γT represents the electronic contribution and βT 3 describe the lattice-phonon contributions to the specific heat in the normal state. Fitting the above formula give electronic specific heat coefficient γ = 7.08 . These values are smaller than the weak-coupling limit of 1.43 for a conventional BCS superconductor, suggesting that these two compounds are moderately electron-phonon coupled superconductor. The comparison among the normal and superconducting state parameters of the both compounds is shown in Table- 1. We also notice from 
Conclusion
We have grown single crystals and characterised the superconducting properties of two semimetallic compounds Y 3 Ru 4 Ge 13 and Lu 3 Os 4 Ge 13 . A bulk superconducting transition is confirmed and characterised through electrical transport, magnetisation and heat capacity measurements on the single crystals. The magnetic susceptibility measurements show large pinning of vortices in both the compounds. The analysis of the low temperature heat capacity data suggests that both these compounds are moderately electron-phonon coupled type-II superconductors.
